Abstract--The optimal charging schemes for Electric vehicles (EV) generally differ from each other in the choice of charging periods and the possibility of performing vehicle-to-grid (V2G), and have different impacts on EV economics. Regarding these variations, this paper presents a numerical comparison of four different charging schemes, namely night charging, night charging with V2G, 24 hour charging and 24 hour charging with V2G, on the basis of real driving data and electricity price of Denmark in 2003. For all schemes, optimal charging plans with 5 minute resolution are derived through the solving of a mixed integer programming problem which aims to minimize the charging cost and meanwhile takes into account the users' driving needs and the practical limitations of the EV battery. In the post processing stage, the rainflow counting algorithm is implemented to assess the lifetime usage of a lithium-ion EV battery for the four charging schemes. The night charging scheme is found to be the cheapest solution after conducting an annual cost comparison.
I. INTRODUCTION
HE technique of optimal charging in the context of deregulated electricity markets, sometimes referred as smart charging, has recently caught a lot of attention, as there is a tremendously growing need for electrifying the transportation sector [1] . The term "optimal" can be generally interpreted from two perspectives: the EV owners and the power system operators.
From the EV owners' point of view, "optimal" can be simply interpreted as minimizing the cost of charging while guaranteeing their need for driving. In [2] - [5] , this perspective has been intensively investigated based on various modeling techniques including linear programming, dynamic programming and quadratic programming. A common impression inferred by these studies is that the optimal charging as a feasibility solution can considerably reduce the cost of charging; however, to support a large-scale roll-out of EV, services like V2G have to be offered by EV or EV fleet to improve the EV economy [6] - [7] .
From the power system operators' point of view, "optimal" can be generally interpreted as a complex objective which aims to maximize the advantages of EV and minimizes its This work is part of project 'EcoGrid EU' with EU funding. The authors are all with the Centre for Electric Technology, Department of Electrical Engineering, Technical University of Denmark, Kgs. Lyngby DK2880, Denmark (e-mail:{sy, junhu, abp, pba, cnras, stc} @elektro.dtu.dk).
disadvantages. The energy storage nature of EV makes it a potential solution to many power system problems, such as load shifting and frequency regulation. Meanwhile, its nature of being a mobile electrical load challenges the power system operation, as an inappropriate integration could easily cause voltage issues and overloading in the distribution network. Regarding this aspect, intensive studies have been done in [8] - [11] , wherein coordinated charging schemes for an EV fleet with either centralized or decentralized control structures are developed to handle grid constraints and meet the driving requirements at the same time.
Apart from the different perspectives of the two groups of stakeholders, the optimal charging schemes are also heavily dependent on a large number of factors, including: 1) range of uncertainty related to electricity price and driving pattern [12] ; 2) fidelity of the EV battery models which varies from linear to non-linear; 3) modeling approaches used to describe the charging process and the associated optimization techniques which span from the conventional linear programming to the genetic algorithms [13] ; 4) time resolution used in the various simulations that spans from a few minutes up to hours; and so on.
In this study, four different optimal charging schemes for EV, namely night charging, night charging with V2G, 24 hour charging and 24 hour charging with V2G, are formulated as a set of mixed integer programming problems. Based on the practical driving data and electricity prices collected for Denmark in 2003, these charging schemes are simulated at a time resolution of 5 minute. Objectives for the four charging schemes are set to charging cost minimization, due to the fact that today's EV penetration is relatively low compared to the other Distributed Energy Resources (DER) technologies and some distribution grids can handle the penetration level up to 20% [14] . In the following text, the mathematical formulation for various optimal charging schemes is described in Section II. Section III presents the numerical model development. Results and discussions are summarized in Section IV, wherein battery life and annual cost comparison among the four schemes are included. Section V concludes the study. [15] . The report from the EDISON project suggests three methods that can facilitate the EVs' participation in today's electricity spot market:
II. PROBLEM FORMULATION
1) The retailer broadcasts the electricity price once a day to the individual EV owners and the EV owners therefore make appropriate charging schedules according to the known price and the local intelligence; 2) The charging strategy can be a simple time of day charging based on EV owners' empirical knowledge on when the electricity price is relatively cheap, such as at night; 3) THE charging of EVs can be scheduled or controlled by a fleet operator based on a contractual setup, where the central intelligence is more relied upon. In this study, the first integration method is utilized and modified to accommodate four different charging schemes: 1) Night charging: the charging period is constrained to be from 7pm to 7am, and discharging is not allowed; 2) Night charging with V2G: the charging or discharging actions can be performed between 7pm to 7am; 3) 24 hour charging: the charging can be performed anytime when the EV is not in use, and discharging is not allowed; 4) 24 hour charging with V2G: the charging or discharging actions can be performed anytime in a day. Since the market segment of today's EVs is primarily urban area due to the battery capacity limitation and public health concerns, this study firstly assumes that the charging infrastructure is available everywhere in the studied urban area, indicating that the EVs can be charged or discharged as long as they are not used for driving. Further, the terminology "V2G" used in this study refers to selling the battery energy back to the grid on an hourly basis at prices set the previous day; while in other literature V2G is normally referred to a mechanism that activates the provision of ancillary services.
To enable the comparison study, a mixed integer programming formulation is developed and solved using Matlab to find the optimal solution for each charging scheme applied to an individual EV. The common objective of each charging scheme, as in (1), is to minimize the cost of charging given the broadcasted electricity price and energy required for driving ; meanwhile, the four charging schemes are enabled separately by turning on/off the binary variables and .
(2) where the planning duration is divided into time intervals with denotes the number of sequence and ∆ denotes the time length of each interval. Decision variables ∆ and ∆ represent the energy charged into and discharged from the battery in each time interval respectively, while the other three binary variables , , and indicate the on/off status of charging, V2G and driving for each corresponding time interval. To facilitate the expression, an intermediate variable is introduced to represent the energy level of the battery in the end of each time interval.
Parameters and represent the nominal energy capacity and the initial energy of the battery in the planning period, while the charging and discharging efficiency are represented by and . The maximum power exchanged between the EV inverter and the electrical grid is expressed by , and , respectively during charging and discharging processes, which constrains the maximum energy exchanged between the EV and the grid. For battery life concerns, and are further introduced to represent the manufacturer recommended sate of charge (SOC) range.
Explanations for the inequality constraints can be found in [3] wherein a similar problem is described using linear optimization by the same group of authors. Compared to the previous study, a major improvement is made in this study by formulating various charging schemes in a more generic and flexible way. Power performance of the battery is not included in this paper; however, given the energy performance within a certain time, the power performance can be derived simply by elaborating on the charging schemes e.g., constant power and constant current.
III. NUMERICAL MODEL DEVELOPMENT
For this numerical case study, the optimal charging plans for different charging schemes are derived for the next day with 5 minute resolution given the broadcasted electricity price and EV owners pre-defined driving requirement. The assumption of flawless forecasting made in this paper aims to resemble the best case scenario for different charging schemes. In practice, EV owners may not be able to precisely forecast their driving needs for the next day with 5 minute resolution in practice, which could result in higher cost for charging.
The daily optimization is further repeated over the course of a month to retrieve a more general charging performance. In this section, the selected battery model parameters, the driving information and the source of electricity hourly prices are briefly explained. nthly Performa epeating the in e charging co ed in Table II  s This paper has provided a numerical comparison of four different optimal charging schemes, namely night charging, night charging with V2G, 24 hour charging and 24 hour charging with V2G, on the basis of real driving data and electricity price of Denmark in March 2003. Based on a best case scenario i.e. flawless forecasting, optimal charging schemes with 5 minute resolution are found by solving a mixed integer programming problem, and compared from both short-term and long-term perspective.
It has been found that the "night charging" scheme exhibits the lowest annual cost of using the EV. On the contrary, although the V2G option can to a great extent reduce the charging cost, its severe impact on the battery lifetime noticeably increases the annual cost of using the EV. This also implies the importance of judicious designs for V2G operations, which shall not only account for the value of V2G but also suppress its negative effects. Difference between "night charging" and "24h charging" appears to be small as the electricity price is normally cheap around midnight. This may indicate the need for establishing a residential charging infrastructure could come before the need for having a public charging infrastructure.
The EV economics are heavily dependent on the pattern of electricity prices and EV users as well as the other important factors, such as tax and subsidies. The study performed in this paper is therefore more informative than conclusive. To deliver an unbiased assessment of different charging schemes, collecting the sufficient representative information, refining the modeling assumptions, investigating the grid impacts and designing appropriate validation approaches are considered as future work. For the V2G possibilities, instead of providing bulk energy back to the grid as presented in this study, it would also be interesting to examine the economy of providing ancillary services to the power system operators with various risk-averse algorithms.
